Only electrokinetic system and its effect on the inactivation of pathogenic organisms in biosolids were investigated. Bench scale experiments were conducted in a series of electrokinetic (EK) reactors. Ten EK reactors were set up with different types of sewage sludge: primary, secondary (attached growth culture), secondary (activated sludge), and anaerobically digested sludge, coming from Auteuil Wastewater Treatment Plant, (Quebec), or R.O. Pickard Environmental Centre, Ottawa (Ontario), respectively. The characterization of the sludge was performed followed by electrokinetic (EK) tests and data analysis. A conditioning liquids was also added to some reactors. Potential gradients of less than 5V/cm were applied to the reactors. Biosolids in some reactors also contained biocides. Blower system was integrated into the EK system for four reactors. After EK treatment (from 1 to 9 days) biosolids were analyzed. Total solids, fecal coliform colonies counts, Clostridium perfringens, reovirus, and Salmonella spp. were indicator organisms spiked in the study. The highest total solids content (98.5% TS) was achieved in reactor with combined primary and secondary sludge with lower voltage gradient and in the presence of the conditioner under the blower system. The highest, 11-log, reduction of Salmonella spp. was achieved in the reactor with anaerobically digested sludge under a low electrical gradient. Clostridium perfringens and fecal coliforms were below detection level in all reactors. Higher than 6-log reduction of reovirus was also observed in all tested EK reactors. The developed EK process can be applied to different types of sludge in order to upgrade it to Class A biosolids due to simultaneous dewatering and disinfection.
INTRODUCTION
Biosolids sustainable management is a monumental problem to wastewater treatment plants throughout the world. For example, in Canada alone, the current production of biosolids is around 667,000 tones per year (Renzetti, 2005) . In Montreal (QC), approximately 270 dry tons are generated daily (Meunier et al. 2002) . Biosolids recycling is regulated and encouraged by American, Canadian, and European Environmental Agencies. Due to very strict regulations on biosolids land application, upgrading from Class B to Class A is becoming crucial (USEPA 2004 (USEPA , 2001 . Environment Quebec set out a classification C-P-O for fertilizing residuals according to the chemical contaminant (C category), pathogen content (P category) and odour (O category) . The pathogens include Salmonella spp. bacteria, enteric viruses, and helminth ova (Gerba et al. 2002) .
The potential for human exposure to pathogens and complaints of odors generated by volatile organics (Rosenfeld et al. 2004 ) lead to extensive research on effective pathogen inactivation and mitigation of odor, i.e. vector attraction reduction (Schuh et al., 1985 , Eriksen et al. 1995 , George et al. 2001 Mignotte-Cadiergues et al. 2001 , Oropeza et al. 2001 Capizzi-Banas et al. 2004; Sahlström et al. 2004 ). Subsequently, tertiary treatment (like UV disinfection), anaerobic thermophilic digestion, microwave irradiation, and lime treatment were applied to inactivate fecal coliforms (Hong et al. 2003 , Meckes et al. 2003 , George et al. 2001 , Oropeza et al. 2001 . A significant reduction of Salmonella spp. was obtained while storing biosolids in particular conditions (e.g. pH, temperature, time) or by performing the autothermal thermophilic aerobic and anaerobic digestion (Zábranská et al. 2003 , Fukushi et al. 2003 , Jepsen et al. 1997 ). However, Sidhu et al. (2001) reported the possibility of Salmonella spp. regrowth in biosolids. Moreover, Korolczuk et al. (2006) used a pulsed electrical field on Salmonella enteritidis inactivation.
On the other hand, Esmaeily et al. (2006) showed inactivation of fecal coliform in combined biosolids using an electrokinetic dewatering system. The application of DC current to biosolids between a series of anodes and cathodes produces a number of electrokinetic phenomena (e.g. electrosomotic water removal, electrophoresis of particles, electro-flocculation of suspended matter, electrolysis). The oxidation and reducing zones are also created in anode in cathode areas respectively (Elektorowicz et al. 2005 ).
This paper discusses effectiveness of the developed electrokinetic (EK) dewatering process for the pathogens' inactivation in different types of biosolids.
MATERIALS AND METHODS
This study focused on inactivation of microorganism in biosolids during EK dewatering. Then, Salmonella spp., Clostridium perfringens bacteria, fecal coliforms were considered for assessment of biosolids EK inactivation in primary, combined (primary and secondary) sludge, and anaerobically digested sludge. Inactivation of viruses was tested on anaerobically digested sludge.
The first series (ML) of EK reactors (cells) contained combined primary and secondary sludge taken from Laval (QC) plant having an attached growth system. Other series contained combined sludge (Mo), primary sludge (Po), and anaerobically digested sludge (Ao) supplied by Robert O. Pickard Environmental Centre in Ottawa (ON), where an activated sludge system was used (Tabal 1).
Rectangular rigid-polyethylene containers were used for the 10 research and 10 control reference reactors. All electrokinetic (EK) reactors had length = 22 cm, width = 5.3 cm, depth = 5.0 cm, and an effective volume of 0.58 L. Cathodes and anodes were made from perforated stainless steel tubes. Narrow-mouthed Nalgene HDPE 250-mL bottles were attached to the electrodes. This system permitted collection of liquid transported due to gravity and electroosmosis from the cathode area on a daily basis. The same design of EK reactors was used in a series of experiments for inactivation of viruses, with an exception that all reactors were sealed.
The volume of 580 mL of gently stirred sludge samples (approx 4% TS) from the wastewater treatment plants (ML, Ao, Po, Mo) were poured into the dedicated EK reactors 1 to 10 ( Table 1) . The anaerobically digested sludge (Ao) also filled up reactors 11, 12, 13, and 14 (Table 2. ). An amphoteric conditioner (1.3% w/v) was added to some EK reactors, namely 1,3,5,7,9,11,12,13, and 14. Additionally, biosolids in reactors 11, 12, and 14 were exposed to enhancer agents such as biocides (Glutaraldehyde, Bioxy S) to verify impact of EK on biocide's behavior (Table 2) . During these operations, the gravitationally drained liquid from cathode area was collected into the attached bottles. The EK reactors 1 to 10 were inoculated with Salmonella spp at the level of 10 9 to 10 11 cfu/mL, while the EK reactors 11 to 14 were inoculated with reovirus at the level of 1.1× 10 7 cfu/mL. In addition, Clostridium perfringens bacteria were inoculated in EK reactors 5 to 10. Endogenous fecal coliform was analyzed in all reactors. The control cells without supplying electrical field (EK) were also prepared for all reactor conditions. After filling with sludge, sixteen silver probe electrodes (1-mm diameter) were inserted into each EK reactor between electrodes and the cover were placed on top. The DC power supply was connected to the reactors and the desired voltage gradient was set as a low, medium or a high range (less than 5V/cm). This system permitted to monitor electrical parameters along the distance between the cathode and the anode. Four reactors (1 -4) without covers were exposed to double action of electrokinetics (EK) and a blower. Experimental set-up connected to DC power initiated a number of simultaneous and subsequent electrokinetic phenomena within the biosolids leading to the dewatering and inactivation of pathogenic microorganisms. Physical, chemical and microbiological analyses were performed on biosolids samples before treatment and after disconnecting the power supply (1 -9 days). The effluents collected from cathode (and anode in the case of reactors 11 -14) were stored in 250-mL HDPE Nalgene bottles and the nature of effluents in terms of pH, volume, color, as well as Salmonella spp., fecal coliforms, Clostridium perfringens, and reovirus content was recorded on a daily basis.
The electrical current and potential at each reactor probe-electrode were measured daily. The resistance and its variation along the distance from the cathode were calculated based on Ohm's law.
After 1 to 9 days of EK treatment, dewatered sludge was divided into a number of slices between the cathode and anode. The large numbers of samples were necessary to provide an accurate pH value and microorganism distribution between electrodes in each EK reactor. Three samples from each control cell were randomly taken for further analyses. Standard Methods have been applied for sludge characterization before and after tests (Clesceri, et al., 1998) . The reovirus content in the biosolids samples was analyzed in the Department of Medical Microbiology at the University of Manitoba (Coombs 2002) .
RESULTS AND DISCUSSION

Distribution of pH value in EK reactors
All EK showed a pH gradient between anode and cathode in all reactors. Subsequently, an acidic front was extending from anode to the middle of reactors. Generally, the anaerobically digested sludge had more extended acidic front than mixed sludge and primary sludge. The acidic front was bigger when a higher voltage gradient was applied. The higher gradient was also found in reactors where the conditioner was used. The lowest pH of 2.2 was found in reactor 3 (AoC), while the highest (pH = 8.9) in reactor 9 (AoC1). All control reactors showed the pH value close to neutral.
Inactivation of fecal coliforms (FC)
The concentration of FCs in control reactors and the initial sample was at thousands cfu/mL. Fecal coliforms were not detected after treatment in any of the EK reactors with the exception of anaerobically digested sludge in reactor 3 (AoC1), where 200 cfu/mL was detected in one slice (out of 16). Even in this case, 3-log reduction was achieved.
Inactivation of Clostridium perfringens
No Clostridium p. were detected after treatment in EK reactors (5 -10) nor in all collected effluents. The results show a total inactivation of Clostridium perfringens in all reactors being treated with a high voltage, independently of the conditioner presence or absence.
Inactivation of Salmonella spp
Reactors with primary sludge (reactors 5 and 6) and reactors 7 and 8 with combined biosolids (primary and WAS) showed complete inactivation of Salmonella spp (Fig. 1) . The same was observed in anaerobically digested sludge (reactor 4) where both EK and blower were applied. The exponent
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The reduction of Salmonella spp. was observed in all other electrokinetic reactors. In anaerobically digested sludge in reactors 3, 9, and 10, the reduction of 9-log, 7-log and 6-log was achieved respectively, demonstrating the impact of electrical gradient and the use of conditioner.
A non-uniform reduction of Salmonella was observed in reactors with combined sludge from attached growth plant. Reactor 1 showed from 8-log to 9-log reduction. In reactor 2 (ML1), 7-log to 9-log reduction was achieved between electrodes.
In general, the anode area achieved higher log reduction than the cathode area. It was assumed that the acidic front yielded the highest log reduction of Salmonella spp. It seems that presence of Salmonella in some reactors' sections (slices) was also related to the cracking of the dried sludge material leading to a non-uniform influence of electrokinetic phenomena in all segments.
Primary sludge had a significantly higher average 10-log reduction of Salmonella spp, meaning perhaps that pathogens are most vulnerable to EK inactivation in the primary sludge.
Inactivation of reovirus
Analyses showed an in entire inactivation of reovirus in reactor 13 where amphoteric conditioner was applied alone under a lower voltage gradient, as well in reactor 11 where conditioner were applied with enhanced agents (biocides) at a higher voltage for three times longer period. Other reactors 12 and 14 also had the acceptable log reduction of 5.5 and 9 respectively.
Figure 2 -Log reduction of reovirus in EK reactors in various treatment conditions
The evaluation of results shows that inactivation of reovirus in EK reactor is a complex process since there are different factors involved in the process, which attack the virus capsids. It was also shown that enhanced agents (biocides) do not help in inactivation of reoviruses during the electrokinetic process. They enter in reactions with the conditioner creating simultaneously unfavorable conditions for reovirus inactivation. An application of a stronger electrical field (i.e. more extended oxidation and reduced zones) between electrodes might prevent the abovementioned reactions and help in virus inactivation.
It can be speculated that the pathogen stressors leading to their inactivation include oxidation formed by EK, acidification enhanced by the conditioner, and the electro-desiccation process. 
Total solids (TS)
The results demonstrated (Fig. 3 ) that all type of sludge responded to EK dewatering. The highest TS contents were fund to be 98.5% for combined (primary and secondary) sludge, 86% for primary sludge, and 96% for anaerobically digested sludge. The dewatering efficiency of combined sludge was higher in reactors with conditioner than the reactors without conditioner The TS content was similar in both reactors with primary sludge (reactors 5 and 6).
In reactors with conditioner and blower system, the average total solids content was 22% higher in case of mixed sludge than in case of anaerobically digested sludge. In reactors without conditioner, but with blower, the average total solids content was 21% higher in reactors with mixed sludge than with anaerobically digested sludge. Similar trend was observed when the highest values of TS in combined and anaerobic sludge were compared. Although, the treatment of anaerobic digested sludge has achieved lower average TS (between 20% and 55%) than that of the primary and mixed sludge -the results were still much better than that from conventional dewatering equipment. The highest TS content was produced in reactors with the lower voltage gradient which initiated slower electro-coagulation process, and then formation of flocs with more compacted structure and higher solids content; thus, the higher removal of water was obtained. The study showed both FC and Clostridium perfringens are sensitive to EK treatment and can be inactivated completely using electrokinetic process.
The reduction of reovirus was observed in all reactors with anaerobically digested biosolids. An entire disinfection was achieved without biocides when amphoteric conditioner at low voltage gradient was applied.
For anaerobically digested sludge, the lower voltage gradient led to higher degree of inactivation of Salmonella spp. and achieved higher dewatering efficiency. For combined sludge, the higher voltage gradient facilitated better inactivation of Salmonella spp., but it was the lower voltage gradient that yielded higher total solids contents in these reactors. In the combined sludge studies, the addition of an amphoteric conditioner coupled with the higher EK voltage gradient, increased the inactivation effects.
The results showed that the electrokinetic treatment achieved the upgrading of all types of sludge to Class A Exceptional Quality Biosolids as far as TS content and Salmonella, Clostridium perfringens, reovirus, and FC coliform inactivation. All pathogen indicator inactivation always exceeded three-log reduction. The EK dewatering achieved TS levels higher than conventional methods.
This study offers an alternative to conventional inactivation and dewatering at wastewater treatment plants. The developed EK treatment process accomplished dewatering and disinfection in one single unit operation, which should be economically more sustainable and user friendly.
